1. Introduction {#sec1-plants-08-00115}
===============

*Xylella fastidiosa* is a xylem-limited phytopathogen spread to cultivated crops and wild plants through the feeding activity of some insect vectors, and as a major consequence of infection, it causes the blockage of the xylem vessels by forming biofilms \[[@B1-plants-08-00115]\]. Due to its dangerousness, it is currently included into the A2 list of the quarantine bacteria for the European Plant Protection Organization (EPPO). Within the species, there are recognized and described three subspecies, namely *fastidiosa*, *multiplex* and *pauca*, each of them showing typical molecular and pathogenic features \[[@B2-plants-08-00115],[@B3-plants-08-00115],[@B4-plants-08-00115]\]. In the Apulia region (southern Italy), the subspecies *pauca* was found associated with the "olive quick decline syndrome" (OQDS), a severe disease currently affecting many olive orchards. Main symptoms include leaf, twig and branch dieback, often followed by a generalized collapse of the plant \[[@B5-plants-08-00115]\]. In the infection disease process incited by *X. fastidiosa* to many crops, both plant micronutrients and secondary metabolites, such as the phenolic compounds, would seem to play relevant roles. Among micronutrients, the concentration of ions, such as zinc and copper, is linked to the multiplication of the pathogen, so that copper and zinc concentration higher than 200 µM and 0.25 mM, respectively, inhibits *X. fastidiosa* biofilm formation \[[@B6-plants-08-00115]\]. On the other hand, it is known that zinc detoxification *in planta* is required for the full virulence of the pathogen \[[@B7-plants-08-00115]\]. In addition, in *Vaccinium corimbosum* hybrid plants artificially inoculated with strains of *X. fastidiosa* subsp. *Multiplex*, and in olive trees naturally infected by *X. fastidiosa* subsp. *pauca*, a relevant decrease of copper content in the leaf was observed \[[@B8-plants-08-00115],[@B9-plants-08-00115]\]. Concerning phenolic compounds, the xylem sap of grapevine plants infected by *X. fastidiosa* subsp. *fastidiosa* showed a relevant increase of catechins, digalloyiquinic acid and astringin, whereas high contents of procyanidins, stilbenoids and catechins were found in xylem tissue \[[@B10-plants-08-00115]\]. However, it should be said that phenology would seem to influence phenolic profile more than the infection status \[[@B11-plants-08-00115]\]. In addition, grapevine rootstocks can affect the xylem sap phenolic content \[[@B12-plants-08-00115]\]. In olive trees naturally infected by *X. fastidiosa* subsp. *pauca*, regardless of the cultivar tested, the content of quinic acid in the leaves is significantly higher than the content of healthy plants \[[@B13-plants-08-00115]\]. Moreover, lignin accumulation in the xylem tissue would seem to play a relevant role in the tolerance of the olive cultivar "Leccino" to the pathogen \[[@B14-plants-08-00115]\].

Among the analytical techniques available for deciphering molecules involved in the plant-microbe interaction, metabolomics such as mass spectrometry (MS) and nuclear magnetic resonance (NMR) analyses, could offer several advantages for obtaining an overview of all detectable small metabolites, and for obtaining robust, high-reproducible, spectral data, with repletion of experiments also in different years \[[@B15-plants-08-00115]\]. NMR in plants metabolomics has a wide range of applications, such as in the investigations of environmental factors: Growth conditions, exposure to pesticides, agronomic practices \[[@B16-plants-08-00115]\]. The combination of NMR and chemometrics can help to characterize metabolic patterns in plants under stress conditions, such as pathogen infections, and could be useful to understand plant physiology, which is pivotal for the future applications in disease control \[[@B17-plants-08-00115]\].

Previously, in an attempt to find out possible compounds showing the capacity to reduce the concentration of *X. fastidiosa* subsp. *pauca* within olive leaves, we tested a zinc-copper-citric acid biocomplex in an olive orchard planted with the sensitive cultivars Ogliarola salentina and Cellina di Nardò, naturally infected by the bacterium \[[@B18-plants-08-00115]\]. This patented foliar fertilizer is composed of zinc (4% *w*/*w*) and copper (2% *w*/*w*), it has a specific weight of 1.280 g/L, and it is obtained through an electrolytic process by complexing the ions with hydracids of citric acid obtained through the fermentation of soil fungi. It is sprayed into the olive trees' crowns once per month from March-April to September-October, at a dose of 3.9 L/ha, and can also be used in organic agriculture. In parallel, through ^1^H NMR and multivariate statistical analysis, we also preliminarily assessed the metabolomic profiles of extracts obtained from the leaves of the two cultivars, and we found an opposite trend concerning the sugars and polyphenols content \[[@B19-plants-08-00115]\]. In this study, an ^1^H NMR-based metabolomic approach was used to provide a snapshot of the *X. fastidiosa*-infected Ogliarola salentina and Cellina di Nardò in comparison with trees which have received some treatment with the zinc-copper-citric acid biocomplex. Potential biomarkers of the disease were also identified by comparing the metabolomic profiles of leaf samples taken from untreated and treated trees of the two olive cultivars.

2. Results {#sec2-plants-08-00115}
==========

2.1. Detection of Xylella Fastidiosa and Field Symptoms {#sec2dot1-plants-08-00115}
-------------------------------------------------------

The occurrence of *X. fastidiosa* was molecularly ascertained in each olive orchard, thus confirming previous analyses indicating the presence of the pathogen both in Veglie and Martina Franca orchards as revealed by the Phytosanitary Service of Apulia Region. In each location, both untreated Ogliarola salentina and Cellina di Nardò trees showed from April to September 2017 a mean severity of symptoms (i.e., leaf and twig dieback) higher than those observed for the Dentamet®-treated trees ([Table 1](#plants-08-00115-t001){ref-type="table"}).

2.2. Visual Inspection of ^1^H NMR Spectra {#sec2dot2-plants-08-00115}
------------------------------------------

Visual inspection of the 600 MHz ^1^H NMR spectra revealed a complex pattern of signals due to sugars, phenolic compounds such as quinic acid, hydroxytyrosol, tyrosol, phenylpropanoids derivatives and aldehydic secoiridoids (oleuropein and ligstroside) ([Figure 1](#plants-08-00115-f001){ref-type="fig"}).

Signals in the region between 3 and 5 ppm correspond mainly to sugars. In particular, mannitol signals in the region between 3.6 and 3.9 ppm could be observed. Moreover, anomeric proton resonances at 5.20 ppm and 4.60 ppm of monosaccharides as α and β-glucose respectively, were identified. Characteristic anomeric proton doublet at 5.41 ppm, assigned to disaccharide sucrose was also observed. *Xylella fastidiosa* use cellulose-degrading enzymes that alter plant cell wall components to release sucrose \[[@B20-plants-08-00115],[@B21-plants-08-00115]\]. These enzymes are also required for degradation of the xylem pit membrane and nutrient release. This helps successful colonization of the xylem vessels \[[@B21-plants-08-00115],[@B22-plants-08-00115]\]. Mannitol, a natural polyalcohol with six carbon atoms is, together with glucose the most abundant soluble sugar in olive leaves \[[@B23-plants-08-00115]\]. In addition, to their role as osmoprotectants, sugar alcohols contribute to the protection against salt and photoxidative stress. Moreover, some sugar alcohols, such as mannitol, play a role in plant pathogen interactions \[[@B24-plants-08-00115]\]. The singlet at 3.22 ppm assigned to choline, an important osmolyte \[[@B25-plants-08-00115]\], superimposed to β-glucose (3.20 ppm) triplet was identified by correlation *via* HSQC to carbon atom at 56 ppm. In the aliphatic region the secondary metabolite quinic acid was identified at 1.89, 2.02, 4.01, 3.55 ppm. Among amino acids, signals at 3.0 and 2.28 ppm were assigned to γ-aminobutyrate (GABA), a non-protein amino acid widely diffused throughout the biological world. Organic acids as succinate (2.42 ppm), malate (2.66-2.36 ppm), citrate (2.70--2.53 ppm), formate (8.45 ppm), were also identified. Intense NMR signals assigned to phenyl alcohol moieties (tyrosol and hydroxytyrosol) of oleuropein, principal compound in olive leaf extracts \[[@B26-plants-08-00115],[@B27-plants-08-00115]\] and ligstroside and their aglycone were observed in the range at δ = 6.55 − 7.10 ppm. NMR signals in the range of δ = 9.0 − 9.5 ppm were attributed to aldehydic and dialdehydic forms of oleuropein and ligstroside \[[@B28-plants-08-00115]\].

2.3. Unsupervised and Discriminant Analyses on Ogliarola Salentina and Cellina di Nardò Trees Naturally-Infected by Xylella fastidiosa {#sec2dot3-plants-08-00115}
--------------------------------------------------------------------------------------------------------------------------------------

Individuation problems of molecules responsible for key differences, due to the plethora of signals in a high resolution ^1^H NMR spectrum, can be overcame by using chemometric techniques \[[@B29-plants-08-00115]\]. This approach allows to obtain a metabolomic fingerprinting of the studied organism and to detect any shift or anomaly in its metabolism \[[@B30-plants-08-00115]\]. Thus, multivariate statistical analyses were applied to investigate the metabolic profiles of aqueous extracts samples taken from infected Ogliarola salentina and Cellina di Nardò olive trees treated or not with Dentamet®. A preliminary unsupervised analysis was performed on the whole data set in order to observe a general trend of data clustering. The model resulting from the explorative PCA analysis was built with five components (t\[1\], t\[2\], t\[3\], t\[4\] and t\[5\] representing 30.2%, 21.2%, 15.4%,11.4% and 5.61% of the total variance, respectively)which gave R^2^X = 0.84 and Q^2^ = 0.691. The scores plot reported in [Figure 2](#plants-08-00115-f002){ref-type="fig"} was defined by the first two components t\[1\] and t\[2\] that account for 30% and 21% of the explained variance respectively. Visual inspection of the score plot, in which samples from Cellina di Nardò and Ogliarola salentina Dentamet® treated and untreated samples can be observed, revealed a discrimination trend according to the original cultivar. In particular, Ogliarola-treated and untreated samples placed at positive values of t1 component and, most of the Ogliarola treated and untreated samples placed at negative values of t2. Nevertheless, a general dispersion along t2 component, attributable to the sampling period, could be observed.

Discrimination between the two cultivars was then studied by considering separately untreated and Dentamet®-treated samples. Supervised analysis performed on the bucket reduced spectra of Dentamet®-treated and untreated Cellina di Nardò and Ogliarola salentina samples showed a trend according to the cultivars. The two models built with the same number of component (1+1+0) gave a clear different predictive capability with Q^2^ = 0.838 and 0.509 for Dentamet®-treated ([Figure 3](#plants-08-00115-f003){ref-type="fig"}a) and untreated ([Figure 3](#plants-08-00115-f003){ref-type="fig"}b) Ogliarola salentina and Cellina di Nardò samples respectively. The higher predictive parameter value for treated samples revealed a stronger cultivar separation for treated with respect to untreated samples, demonstrating the treatment related metabolic response to *X. fastidiosa* infection. This result is in accord with our previous work \[[@B19-plants-08-00115]\], in which metabolic uniformity of aqueous extracts profile from *X. fastidiosa* infected Ogliarola salentina and Cellina di Nardò samples was observed. Once again the new findings demonstrate that effect of *X. fastidiosa* infection could be predominant over the cultivar metabolic profiles difference. It should be noted that, in the present study, two different sampling periods were considered, that are responsible of separation along the orthogonal component t\[o\] for both cultivars.

2.4. Supervised Discriminant Analyses on Ogliarola Salentina Metabolic Profiles {#sec2dot4-plants-08-00115}
-------------------------------------------------------------------------------

In order to investigate the response of each cultivar to Dentamet® treatment, metabolic profiles of Ogliarola salentina and Cellina di Nardò leaf samples were characterized separately. In particular, Ogliarola salentina treated with Dentamet® and untreated leaf samples, from Veglie and Copertino districts were studied with supervised discriminant analysis. The performed OPLS-DA gave a quite good model with Q^2^ = 0.418, revealing a separation according to the treatment application ([Figure 4](#plants-08-00115-f004){ref-type="fig"}a). The molecules responsible of the class separation were indicate in the *S*-line plot for the model ([Figure 4](#plants-08-00115-f004){ref-type="fig"}b). Ogliarola salentina leaf samples from infected leaves samples were characterized by higher relative content of quinic acid (signal at 1.94 ppm), α and β glucose (5.20 and 4.60 ppm), and aldehydic forms of oleuropein and ligstroside \[range of δ = 9.0--9.5 ppm\].

Each sampling period was then analyzed with the aim to observe the effect of the Dentamet® on the two cultivars in the early stage of treatment. The discriminant supervised analysis performed on the Ogliarola salentina infected leaf samples collected in the first sampling (July) gave a quite good model (1+3+0; R^2^X = 0.823; R^2^Y = 0.928; Q^2^ = 0.586) in which a good separation between Dentamet®-treated and untreated samples could be observed ([Figure 5](#plants-08-00115-f005){ref-type="fig"}a, I sampling). The *S*-line plot for the model revealed the difference into the metabolic profiles of the two considered classes of samples: quinic acid, sugars moieties (glucose in the two aqueous solution forms α and β), phenolic compounds (as phenylpropanoids derivatives) characterized the untreated samples ([Figure 5](#plants-08-00115-f005){ref-type="fig"}b, I sampling).

In the following sampling period (II), the performed OPLS-DA gave a model ([Figure 5](#plants-08-00115-f005){ref-type="fig"}a, II sampling) with lower predictive capability (1+3+0; R^2^X = 0.857; R^2^Y = 0.9; Q^2^ = 0.0414) with respect to the first sampling model. The molecular component observed to be responsible for the discrimination between groups were quinic acid, phenolic compounds and aldehydic forms of oleuropein and ligstroside for untreated samples ([Figure 5](#plants-08-00115-f005){ref-type="fig"}b, II sampling).

Both the Dentamet®-treated leaf samples from Ogliarola salentina trees taken from Veglie and Copertino showed, in both sampling data, a higher content of malic acid (signals at 2.70 and 2.38 ppm) thus resulting this organic acid discriminative from the Ogliarola salentina trees when treated with this compound. It should be noted that, as reported in the experimental section, value of the central chemical shift for its specific 0.04 ppm is labelled in the bucket reduced spectra.

2.5. Supervised Discriminant Analyses on Cellina di Nardò Metabolic Profiles {#sec2dot5-plants-08-00115}
----------------------------------------------------------------------------

Supervised OPLS-DA analysis performed on Cellina di Nardò Dentamet® treated and untreated leaf samples, taken from Martina Franca and Nardò districts, gave a good model (1+1+0) with significant predictive capability Q^2^ = 0.897. A clear discrimination between treated and untreated class samples could be observed in the score plot ([Figure 6](#plants-08-00115-f006){ref-type="fig"}a). The corresponding *S* line plot ([Figure 6](#plants-08-00115-f006){ref-type="fig"}b) showed a significant higher relative content of quinic acid in untreated samples. Moreover, polyphenols molecules such as phenylpropanoids derivatives and aldehydic forms of oleuropein and ligstroside (signals at 6.78 and 9.14 ppm), present in higher levels, also characterized the untreated with respect to treated samples.

The effect of Dentamet® treatment on Cellina di Nardò leaf samples was then analyzed by OPLS-DA analysis for each sampling period. For the first sampling period (July), the analysis gave a very good model (1+1+0; R^2^X = 0.742; R^2^Y = 0.989; Q^2^ = 0.945). Visual inspection of the t1/to\[[@B1-plants-08-00115]\] score plot of the model allowed to observe a marked separation between the two considered classes ([Figure 7](#plants-08-00115-f007){ref-type="fig"}a, I sampling). Quinic acid was discriminating for all the untreated samples, whereas the occurrence of GABA characterized the Dentamet®-treated leaf samples ([Figure 7](#plants-08-00115-f007){ref-type="fig"}b, I sampling). In the following sampling period (II), September, OPLS-DA analysis confirmed the separation between treated and untreated leaf samples with a good model (1+1+0; R^2^X = 0.697; R^2^Y = 0.974; Q^2^ = 0.9) ([Figure 7](#plants-08-00115-f007){ref-type="fig"}a, II sampling). The *S-line* plot for the model revealed a general increase of metabolites such as quinic acid, phenolic compounds and aldehydic forms of oleuropein and ligstroside for untreated with respect to treated samples ([Figure 7](#plants-08-00115-f007){ref-type="fig"}b, II sampling).

Interestingly, the Dentamet® -treated Cellina di Nardò leaf samples taken from Martina Franca and Nardò showed upon the OPLS-DA analysis, for both sampling periods, an attenuated metabolic response when compared with the untreated infected by *X. fastidiosa* subsp. *pauca*, samples. This also suggests a metabolic reprogramming of the tree metabolism upon the treatment. Indeed, the Dentamet® -treated Cellina di Nardò leaf samples also showed the occurrence of increased levels of GABA during the first sampling. On the other hand, in the treated leaf samples, the presence of increased levels of malate observed for Ogliarola salentina was never observed for the Cellina di Nardò.

3. Discussion {#sec3-plants-08-00115}
=============

This study indicated a relevant variability of plant metabolites assessed by a ^1^H-NMR approach in relation to *X. fastidiosa* subsp. *pauca* infection and upon a crown treatment with a zinc-copper-citric acid biocomplex, namely Dentamet®. The two olive cultivars tested showed a similar response to the infection but a distinct response to the treatment. Both Ogliarola salentina and Cellina di Nardò untreated infected trees, irrespective of the site of sampling, showed a relative higher content of phenolic compounds and aldehydic forms of oleuropein and ligstroside when compared to the Dentamet®-treated samples in both samplings of July and September, thus confirming previous investigations \[[@B19-plants-08-00115]\]. As known, production and accumulation of aromatic secondary metabolites by various stresses is common in higher plants \[[@B31-plants-08-00115],[@B32-plants-08-00115],[@B33-plants-08-00115],[@B34-plants-08-00115]\]. Plants synthesized a wide variety of secondary metabolites from primary metabolites (e.g., carbohydrates, lipids and amino acids) as a defense against herbivores, pathogens and environmental stresses \[[@B35-plants-08-00115],[@B36-plants-08-00115]\]. Nevertheless, different level of pathogen attack together with several factors such as sampling period, cultivation area, cultivar seemed to be strictly correlated with polyphenols profiles \[[@B37-plants-08-00115]\].

Previously, Wallis and Chen \[[@B12-plants-08-00115]\] found in grapevine, grown in a climate-controlled greenhouse, artificially-infected with *X. f.* subsp. *fastidiosa*, a large-scale induction of phenolic compounds until two months from inoculation, which occurred in November, followed by a marked decrease of such metabolites. Subsequently, six months after inoculation, the infected plants showed marked sign of decline since the infection progression impeded the host to synthesize these secondary metabolites involved in the plant defence mechanisms. In our study, we did not exactly know when the infection process started, however, in the orchards where the occurrence of *X. fastidiosa* subsp. *pauca* was ascertained, we found an increase of phenolic compounds in leaves during both spring and summer. It should be said that olive is an evergreen species in which the mechanisms of *X. fastidiosa* induced secondary metabolites production could be different. Indeed such a production could initiate at each new season while the tree remains alive. It should be noted that in both Veglie and Martina Franca orchards the bacterium was officially recorded at least two years before this study. On the other hand, both Copertino and Nardò orchards already showed clear sign of infection (i.e., leaves and twig dieback) two years before the starting of this study. However, during the years following this study, the untreated trees showed a relevant increase of decline symptoms.

In the first sampling, Ogliarola salentina trees showed a higher relative content of sugar moieties (α and β glucose) with respect to the Cellina di Nardò in the untreated samples. Increase in glucose was already suggested as a result of a cascade of defence responses against disease and wounding involving shifts in carbohydrate metabolism with the aim to increase carbon uptake \[[@B25-plants-08-00115]\].

A marked enhancement in the carbon rich secondary metabolite quinic acid was observed in untreated Ogliarola salentina and Cellina di Nardò leaf samples in both sampling periods for all studied orchards. This results is in agreement with previous findings suggesting that the stress-associated metabolite quinic acid is abundant among metabolites induced after wounding in the genus *Quercus* \[[@B25-plants-08-00115]\]. The first direct ^1^H NMR observation of quinic acid in leaf samples extracts of naturally infected Ogliarola salentina and Cellina di Nardò is very interesting. This molecule has been recently found by HPLC MS and indicated as a possible marker for *X. fastidiosa* subsp. *pauca* infection in olive trees for the same cultivars \[[@B13-plants-08-00115]\]. Interestingly, the naturally infected Leccino cultivar, exhibiting more tolerance to *X. fastidiosa* subsp. *pauca* \[[@B13-plants-08-00115]\], shows, during the vegetative season, a higher content of quinic acid in comparison to Cellina di Nardò \[[@B14-plants-08-00115]\]. Moreover, greater levels of quinic acid were also observed in *X. fastidiosa*-infected *vs.* non-infected grapevines \[[@B12-plants-08-00115]\]. Quinic acid is, in fact, a precursor in lignification that is proposed as a general mechanism of plant resistance to biotic stress \[[@B14-plants-08-00115],[@B38-plants-08-00115]\]. The present study therefore confirms the presence of a higher content of quinic acid in olive trees naturally infected by *X. fastidiosa* subsp. *pauca* and could suggest the use of this molecule as biomarker for the disease. Nevertheless concerning as also observed in the present study for Ogliarola salentina and Cellina di Nardò infected trees, the higher production of quinic acid does not prevent the infection to proceed over the years \[[@B39-plants-08-00115]\].

Ogliarola salentina trees treated with Dentamet® showed an higher content of malate with respect to untreated ones. Organic acids are, in general, synthesized and accumulated by plants because involved in osmotic regulation in drought stress situation \[[@B40-plants-08-00115],[@B41-plants-08-00115]\]. Malic acid, in particular, is the most common organic acid in plant tissues in which it performs as a substrate for various cellular functions such as aminoacids biosynthesis and citric acid cycle \[[@B17-plants-08-00115]\]. Modifications in malate content was reported to be correlated with the plant response to stress condition. Malate is implicated in several metabolic pathways such as that involving the NADP-malic enzyme. It is therefore linked to both the defense-related deposition of lignin and the synthesis of reactive oxygen species produced for microbial pathogens inactivation \[[@B42-plants-08-00115]\]. In a previous NMR-based metabolomic analysis study, a decrease in malate content in the Huanglongbing (HLB) symptomatic leaves extracts was observed. The variation in malate content may indicate the higher consumption of this metabolite to support the normal functions of the citric acid cycle \[[@B17-plants-08-00115]\].

Leaves extract samples of Cellina di Nardò treated with Dentamet® showed with respect to untreated, a higher relative content of γ-aminobutyrate (GABA) in the July sampling. A rapid accumulation in plant tissues of high level of GABA was already observed as a response to environmental strain and considered as an adaptive stress mitigating factor \[[@B43-plants-08-00115],[@B44-plants-08-00115]\]. Accumulation of GABA in symptomatic leaves of Pierce's disease affected *Vitis vinifera* as a reaction for water, oxidative, and wounding stress in *Arabidopsis thaliana* was also recently found \[[@B34-plants-08-00115]\]. It was also suggested that GABA accumulation could provide a source of carbon skeletons for the TCA cycle in stress conditions inducing phenylpropanoids metabolism \[[@B43-plants-08-00115]\]. As known, phenylpropanoids metabolism provides many other metabolites, formed by phenylalanine \[[@B43-plants-08-00115]\] considered as indicators of plant stress responses \[[@B36-plants-08-00115],[@B45-plants-08-00115]\]. These secondary metabolites are involved in plant defence mechanism such as cell thickening and lignin biosynthesis \[[@B34-plants-08-00115]\].

The present study, revealed that after few months from the crown treatment performed with a zinc-copper-citric acid biocomplex, a substantial change in the metabolic profiles of Ogliarola salentina and Cellina di Nardò leaves extracts samples was observed with respect to untreated. This change was observed in both of the samplings periods (July, September) and irrespective of the orchard location. The major observed differences relates to quinic acid and phenolic compounds exhibiting higher levels in untreated with respect to treated leaf samples. Higher malate and GABA were also observed in treated Ogliarola salentina and Cellina di Nardò leaf samples respectively. This metabolomic approach could buttress a previous study indicating Dentamet® as capable to significantly reduce the *X. fastidiosa* subsp. *pauca* cell density within Ogliarola salentina and Cellina di Nardò leaves and mitigate field symptoms \[[@B18-plants-08-00115]\]. In this study, the metabolomic analysis is in agreement with the disease trend observed in the four olive orchards. Indeed, the infection at the September survey, irrespective of the considered cultivar, resulted in a higher incidence for the untreated plots, thus confirming the effectiveness of Dentamet® in reducing the disease impact on the tree. However, the confirming of the mitigation of field symptoms coupled with the maintaining of a metabolic profile typical for trees hosting a pathogen cell number much lower than the untreated plants requires further investigation in the long-term period.

4. Materials and Methods {#sec4-plants-08-00115}
========================

4.1. Leaf Samples Collection {#sec4dot1-plants-08-00115}
----------------------------

Samplings were carried out in four olive orchards planted with Ogliarola salentina or Cellina di Nardò and located in districts of the infected area of Lecce and Taranto provinces (Salento Peninsula, Apulia, southern Italy). Trees had an age ranging from 60 to 80 years. In all orchards, a plot of trees was sprayed on the canopy with Dentamet®, at a dose of 3.9 l per hectare, once per month, starting from early April 2017 to early September 2017, by using an atomizer \[[@B18-plants-08-00115]\]. At the beginning of the trial, the mean severity of symptoms (i.e., leaf and twig diebacks) scored in the plots treated with Dentamet® ranged from 10 to 20%. Control trees did not receive any treatment and showed, at the beginning of trial, the same severity as the plot including the Dentamet®-treated trees. A total of 40 leaf samples were collected in two sampling periods (early July and late September 2017) as follows: 12 Ogliarola Salentina leaf samples from 4 Dentamet®-treated and 2 untreated olive trees located at Veglie (Lecce province); 10 Ogliarola Salentina leaf samples from 3 Dentamet®-treated and 2 untreated olive trees located at Copertino (Lecce province); 10 Cellina di Nardò leaf samples from 3 Dentamet®-treated and 2 untreated olive trees at Martina Franca (Taranto province) and 8 Cellina di Nardò leaves samples from 2 Dentamet®-treated and 2 untreated olive trees at Nardò (Lecce province). Leaf samples, of 20 leaves each, were randomly taken from the crown paying attention at not taking withered leaves. The samples were put in plastic bags into a refrigerated box. In each farm, the occurrence of *X. fastidiosa* was molecularly assessed by following procedures previously described \[[@B19-plants-08-00115]\]. In the farms of Martina Franca and Veglie the occurrence of *X. fastidiosa* was also previously ascertained by the surveys carried out by the Phytosanitary Service of Apulia Region and subsequent analyses performed in the accredited laboratories of Apulia region.

4.2. Sample Preparation for ^1^H NMR Analysis {#sec4dot2-plants-08-00115}
---------------------------------------------

Samples were prepared according to the experimental procedure as reported in literature \[[@B46-plants-08-00115]\]. Briefly, olive leaf samples (each one containing 20 leaves) were plunged into liquid N~2~ and ground to a fine powder with a stainless steel blender. Ground leaves were transferred into a plastic tube and placed in a freeze dryer for 48 h. Lyophilized plant material (100 mg) was weighted into an autoclaved 2 mL Eppendorf tube. Thereafter, 0.75 mL of CD~3~OD and 0.75 mL of KH~2~PO~4~ buffer in D~2~0 (pH 5.9) containing 0.05% *w*/*v* TSP-*d*4 (sodium salt of trimethylsilylpropionic acid) were added to each sample. The content of the eppendorf tubes was mixed thoroughly with a vortex mixer at room temperature for 1 minute and then sonicated for 10 minutes at room temperature. Samples were spun down in a microcentrifuge at 17,000× *g* for 20 min; then, 700 µL of the supernatant were filled into a 5 mm NMR tube.

4.3. ^1^H-NMR Fingerprinting and Metabolite Identification {#sec4dot3-plants-08-00115}
----------------------------------------------------------

All measurements were performed on a Bruker Avance III 600 Ascend NMR spectrometer (Bruker, Ettlingen, Germany), operating at 600.13 MHz for ^1^H observation, equipped with a TCI cryoprobe incorporating a z axis gradient coil and automatic tuning-matching (ATM). Experiments were acquired at 300 K in automation mode after loading individual samples by a Bruker Automatic Sample Changer, interfaced with the software IconNMR (Bruker). For each sample a 1D sequence with pre-saturation and composite pulse for selection (zgcppr Bruker standard pulse sequence) was acquired, with 16 transients, 16 dummy scans, 5 s relaxation delay, size of fid of 64K data points, a spectral width of 12019.230 Hz (20.0276 ppm) and an acquisition time of 2.73 s. The resulting FIDs were multiplied by an exponential weighting function corresponding to a line broadening of 0.3 Hz before Fourier transformation, automated phasing and baseline correction. Metabolite identification were based on ^1^H and ^13^C assignment by 1D and 2D omo and eteronuclear experiments and by comparison with literature data \[[@B19-plants-08-00115],[@B26-plants-08-00115],[@B47-plants-08-00115],[@B48-plants-08-00115],[@B49-plants-08-00115]\]. NMR data processing was performed by using TopSpin 3.5 (Bruker). All spectra were referenced to the TSP signal (δ = 0.00 ppm).

4.4. ^1^H NMR Data Processing and Multivariate Statistical Analyses {#sec4dot4-plants-08-00115}
-------------------------------------------------------------------

^1^H NMR spectra were converted to a suitable form for multivariate analysis by segmentation into small rectangular bins (buckets) and integration by Amix 3.9.15 (Analysis of Mixture, Bruker BioSpin GmbH, Rheinstetten, Germany) software. Bucketing was performed within 10.00--0.5 ppm region, excluding the residual non-deuterated water (4.9--4.7 ppm) and methanol (3.40--3.30 ppm) signals. In order to account for small pH or concentration signals shift, the width of each bucket was fixed to 0.04 ppm. The total sum normalization was then performed in order to minimize small differences due to metabolites concentration and/or experimental conditions among samples \[[@B50-plants-08-00115],[@B51-plants-08-00115],[@B52-plants-08-00115]\]. The Pareto scaling method, which is performed by dividing the mean-centered data by the square root of the standard deviation, was then applied to the bucket reduced NMR spectra (variables). The data table arisen from all aligned buckets row reduced spectra was used for further multivariate data analysis. Each bucket row depicts the entire NMR spectrum, with all the molecules present in the sample. Moreover, each bucket in a buckets row reduced spectrum is labeled with the value of the central chemical shift for its specific 0.04 ppm width. The buckets are the variables used as descriptors for each sample in chemometric analyses. Software Simca-P version 14 (Sartorius Stedim Biotech, Umeå, Sweden) was used to accomplish multivariate statistical analysis. In particular, PCA (Principal Component Analysis), PLS-DA (data not shown) and OPLS-DA (Partial Least Squares and Orthogonal Partial Least Squares Discriminant Analyses, respectively) were perfomed \[[@B53-plants-08-00115],[@B54-plants-08-00115],[@B55-plants-08-00115]\]. Principal Component Analysis is at the basis of the multivariate statistical analysis \[[@B53-plants-08-00115]\] and usually applied to the data to extract and show the systematic variation in a data matrix X formed by rows (the considered observations), in our case the leaves extract samples and columns (the variables which describe the samples), in our case the buckets from each NMR spectrum \[[@B56-plants-08-00115]\]. Moreover, by PCA, groups of observations, trends and outliers that could be excluded from further analysis may be recognized. In this work, the PLS-DA analysis was also applied with the aim to justify the number of components used in OPLS-DA model \[[@B57-plants-08-00115]\]. The OPLS-DA analysis is a modification of the usual PLS-DA method which filters out variation not directly related to the discriminating response and brings out models of clearer interpretation, as reported in several studies \[[@B58-plants-08-00115],[@B59-plants-08-00115]\]. The further refinement provide by the OPLS-DA in MVA lies in the capability to divide the portion of the variance helpful for predictive purposes from the not predictive variance (which is made orthogonal) \[[@B60-plants-08-00115]\]. The robustness and predictive ability of the statistical models was estimated by a seven-fold cross-validation procedure \[[@B61-plants-08-00115],[@B62-plants-08-00115],[@B63-plants-08-00115]\]. The analysis of R^2^ and Q^2^ parameters can easily define the minimal number of required components. These parameters show completely different behavior with the model complexity increase. The R^2^X, R^2^Y and Q^2^, describing the total variation in X, the variation in the response variable Y and the predictive ability of the models, respectively, were calculated \[[@B64-plants-08-00115]\]. The results were represented by the optimal (PCA) or more significant (OPLS-DA) bidimensional scores plots and relative loadings plots, by which differences among groups could be recognized \[[@B57-plants-08-00115],[@B65-plants-08-00115],[@B66-plants-08-00115]\].

4.5. Chemicals {#sec4dot5-plants-08-00115}
--------------

All chemical reagents for analysis were of analytical grade. Deuterium oxide (99.9 atom %D) containing 0.05% wt 3-(trimethylsilyl)propionic-2,2,3,3 *d4* acid sodium salt (TSP), Potassium phosphate monobasic were purchased from Armar Chemicals (Döttingen, Switzerland). Methanol-*d4* (99.9 atom %D), potassium phosphate monobasic were purchased from CARLO ERBA Reagents (Milano, Italia).

5. Conclusions {#sec5-plants-08-00115}
==============

In this study, a ^1^H-NMR-based metabolomic approach was used to provide a snapshot of the plant--pathogen interaction that modifies the plant metabolic pathway, and to identify potential biomarkers of *X. fastidiosa* subsp. *pauca* infection to olive trees at its early stages. The metabolic response to the infection was analyzed by considering untreated and trees treated with zinc-copper-citric acid. The effect of the treatment could be clearly studied by analyzing the metabolic profiles and following, in the overall metabolites change response, a well known disease marker such as quinic acid. Notwithstanding, further investigations are necessary to confirm these findings also in the long-term period. These results could be useful for the development of strategies for infection containment and plant health promotion. The suitability of ^1^H-NMR metabolic profiling approaches to monitor and characterize the metabolome shift in response to stress such as pathogen infection was confirmed.
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![600 MHz typical ^1^H NMR spectrum of olive leaves aqueous extract sample. Expanded area in the range (**a**) 0.5--3.10 ppm; (**b**) 3.15--4.15 ppm; (**c**) 4.2--5.7 ppm and (**d**) 6--10 ppm. Assignment of the main peaks are indicated.](plants-08-00115-g001){#plants-08-00115-f001}

![PCA t\[1\]/t\[2\] scores plot for Cellina di Nardò untreated (red circles) and treated with Dentamet® (green circles) leaf samples and Ogliarola salentina untreated (red triangles) and treated with Dentamet® leaf samples (green triangles) ((t\[1\] and t\[2\] explain 30.2% and 21.2% of the total variance, respectively).).](plants-08-00115-g002){#plants-08-00115-f002}

![(**a**) OPLS-DA score plot for Ogliarola salentina (green triangles) and Cellina di Nardò (green circles) treated with Dentamet® leaf extracts samples (1+1+0; R^2^X = 0.516; R^2^Y = 0.916; Q^2^ = 0.838); (**b**) OPLS-DA score plot for Ogliarola salentina (red triangles) and Cellina di Nardò (red circles) untreated leaf extracts samples (1+1+0; R^2^X = 0.576; R^2^Y = 0.811; Q^2^ = 0.509).](plants-08-00115-g003){#plants-08-00115-f003}

![(**a**) OPLS-DA score plot for Ogliarola salentina treated with Dentamet® (green triangles) and untreated (Control) (red triangles) leaf extracts samples (1+3+0; R^2^X = 0.613; R^2^Y = 0.815; Q^2^ = 0.418); (**b**) *S*-line plot for the model, indicating molecular components responsible for the class separation. The corresponding predictive loadings are coloured according to the correlation scaled loading \[*p*(*corr*)\].](plants-08-00115-g004){#plants-08-00115-f004}

![(**a**) OPLS-DA models score plots and (**b**) *S-line* plots for Dentamet® treated (green triangles) and untreated (Control) (red triangles) for Ogliarola salentina leaf extracts in the first (July) and second (September) samplings. Model parameters were: 1+3+0; R^2^X = 0.823; R^2^Y = 0.928; Q^2^ = 0.586; I sampling, July, and 1+3+0; R^2^X = 0.857; R^2^Y = 0.9; Q^2^ = 0.0414, II sampling, September. Molecular components responsible for the class separation could be observed in the *S*-line plots. The corresponding predictive loadings are coloured according to the correlation scaled loading \[*p*(*corr*)\].](plants-08-00115-g005){#plants-08-00115-f005}

![(**a**) OPLS-DA score plot for Cellina di Nardò treated with Dentamet® (green circles) and untreated (Control) (red circles) leaf extracts samples (1+1+0; R^2^X = 0.567; R^2^Y = 0.957; Q^2^ = 0.897); (**b**) *S-line* plot for the model, indicating molecular components responsible for the class separation. The corresponding predictive loadings are coloured according to the correlation scaled loading \[*p*(*corr*)\].](plants-08-00115-g006){#plants-08-00115-f006}

![(**a**) OPLS-DA models score plots and (**b**) *S-line* plots for Dentamet® treated (green circles) and untreated (Control) (red circles) for Cellina di Nardò leaf extracts in the first (July) and second (September) samplings; Model parameters were (1+1+0; R^2^X = 0.742; R^2^Y = 0.989; Q^2^ = 0.945; I sampling, July) and (1+1+0; R^2^X = 0.697; R^2^Y = 0.974; Q^2^ = 0.9, II sampling, September). Molecular components responsible for the class separation could be observed in the *S*-line plots. The corresponding predictive loadings are coloured according to the correlation scaled loading \[*p*(*corr*)\].](plants-08-00115-g007){#plants-08-00115-f007}

plants-08-00115-t001_Table 1

###### 

Mean severity index observed in Ogliarola salentina and Cellina di Nardò olive trees and assessed by visually scoring, in each plot, the percentage of wilted leaves and twigs per tree.

  Location                          Copertino (LE)        Veglie (LE)           Nardò (LE)         Martina Franca (TA)                                         
  --------------------------------- --------------------- --------------------- ------------------ --------------------- ------ ----------- ------ ----------- ----
  Cultivar                          Ogliarola salentina   Ogliarola salentina   Cellina di Nardò   Cellina di Nardò                                            
  Initial mean severity index (%)   10                    20                    20                 10                                                          
  Sampling periods (2017)           July                  September             July               September             July   September   July   September   
  Mean severity index (%)           Untreated (Control)   15                    20                 25                    25     25          30     10          15
  Treated (Dentamet®)               10                    10                    20                 20                    20     20          10     10          
